In the plasma membrane of eukaryotic cells, proteins and lipids are organized in clusters, the latter ones often called lipid domains or "lipid rafts." Recent findings highlight the dynamic nature of such domains and the key role of membrane geometry and spatial boundaries. In this study, we used porous substrates with different pore radii to address precisely the extent of the geometric constraint, permitting us to modulate and investigate the size and mobility of lipid domains in phase-separated continuous pore-spanning membranes (PSMs). Fluorescence video microscopy revealed two types of liquid-ordered (l o ) domains in the freestanding parts of the PSMs: (i) immobile domains that were attached to the pore rims and (ii) mobile, round-shaped l o domains within the center of the PSMs. Analysis of the diffusion of the mobile l o domains by video microscopy and particle tracking showed that the domains' mobility is slowed down by orders of magnitude compared with the unrestricted case. We attribute the reduced mobility to the geometric confinement of the PSM, because the drag force is increased substantially due to hydrodynamic effects generated by the presence of these boundaries. Our system can serve as an experimental test bed for diffusion of 2D objects in confined geometry. The impact of hydrodynamics on the mobility of enclosed lipid domains can have great implications for the formation and lateral transport of signaling platforms. diffusion | hydrodynamics | lipid rafts | membrane dynamics | pore-spanning membranes T he plasma membrane of eukaryotic cells compartmentalizes into lipid domains that enable the selective recruitment of specific proteins (1, 2). These domains are an important feature for regulating biological functions such as apical sorting, protein trafficking, and the clustering of proteins during signaling. The most prominent concept for membrane organization, the lipid raft theory, relates lipid phase separation [driven by interactions between cholesterol (chol), sphingolipids, and saturated phospholipids] to membrane protein partitioning and regulation (2, 3). Lipid domains such as rafts are difficult to observe in biological membranes due to their small size and dynamic nature (4). To understand the phase separation phenomena and the dynamics of lipid domains, the phase behavior of giant plasma membrane-derived vesicles (5, 6) as well as ternary model membranes containing two phospholipid species and chol have been investigated extensively in the last decade. In these model membranes, lipid phase separation between liquid-ordered (l o ) and liquid-disordered (l d ) phases is readily observed at low temperature (7-9). These raft-like domains grow several micrometers in size in giant unilamellar vesicles (GUVs) (7), while their mobility is preserved, whereas lipid domains in supported lipid bilayers are smaller but are largely immobile and do not form energy-minimized round shapes (10). Explanations for the size difference of lipid domains in native plasma membranes and model membranes range from the system's vicinity to a critical point (9), where density fluctuations prevail, over compositions with lipids having one saturated and one unsaturated fatty acid tail (11), coupling between composition and local membrane deformation (12-14) , and the presence of the cortical cytoskeleton (15). It has been shown that attaching an artificial cytoskeleton made of actin or a tubulin homolog alters the shape and position of the ordered domains (16, 17) . The analysis of the diffusion of lipid domains observed on lipid monolayers (18, 19) and revealed that the drag force experienced by the ordered lipid domains is governed by the viscosity of the fluid phase and the hydrodynamic coupling to the aqueous phase.
In the plasma membrane of eukaryotic cells, proteins and lipids are organized in clusters, the latter ones often called lipid domains or "lipid rafts." Recent findings highlight the dynamic nature of such domains and the key role of membrane geometry and spatial boundaries. In this study, we used porous substrates with different pore radii to address precisely the extent of the geometric constraint, permitting us to modulate and investigate the size and mobility of lipid domains in phase-separated continuous pore-spanning membranes (PSMs). Fluorescence video microscopy revealed two types of liquid-ordered (l o ) domains in the freestanding parts of the PSMs: (i) immobile domains that were attached to the pore rims and (ii) mobile, round-shaped l o domains within the center of the PSMs. Analysis of the diffusion of the mobile l o domains by video microscopy and particle tracking showed that the domains' mobility is slowed down by orders of magnitude compared with the unrestricted case. We attribute the reduced mobility to the geometric confinement of the PSM, because the drag force is increased substantially due to hydrodynamic effects generated by the presence of these boundaries. Our system can serve as an experimental test bed for diffusion of 2D objects in confined geometry. The impact of hydrodynamics on the mobility of enclosed lipid domains can have great implications for the formation and lateral transport of signaling platforms.
diffusion | hydrodynamics | lipid rafts | membrane dynamics | pore-spanning membranes T he plasma membrane of eukaryotic cells compartmentalizes into lipid domains that enable the selective recruitment of specific proteins (1, 2) . These domains are an important feature for regulating biological functions such as apical sorting, protein trafficking, and the clustering of proteins during signaling. The most prominent concept for membrane organization, the lipid raft theory, relates lipid phase separation [driven by interactions between cholesterol (chol), sphingolipids, and saturated phospholipids] to membrane protein partitioning and regulation (2, 3) . Lipid domains such as rafts are difficult to observe in biological membranes due to their small size and dynamic nature (4) . To understand the phase separation phenomena and the dynamics of lipid domains, the phase behavior of giant plasma membrane-derived vesicles (5, 6) as well as ternary model membranes containing two phospholipid species and chol have been investigated extensively in the last decade. In these model membranes, lipid phase separation between liquid-ordered (l o ) and liquid-disordered (l d ) phases is readily observed at low temperature (7) (8) (9) . These raft-like domains grow several micrometers in size in giant unilamellar vesicles (GUVs) (7) , while their mobility is preserved, whereas lipid domains in supported lipid bilayers are smaller but are largely immobile and do not form energy-minimized round shapes (10) . Explanations for the size difference of lipid domains in native plasma membranes and model membranes range from the system's vicinity to a critical point (9) , where density fluctuations prevail, over compositions with lipids having one saturated and one unsaturated fatty acid tail (11) , coupling between composition and local membrane deformation (12) (13) (14) , and the presence of the cortical cytoskeleton (15) . It has been shown that attaching an artificial cytoskeleton made of actin or a tubulin homolog alters the shape and position of the ordered domains (16, 17) . The analysis of the diffusion of lipid domains observed on lipid monolayers (18, 19) and GUVs (20) (21) (22) revealed that the drag force experienced by the ordered lipid domains is governed by the viscosity of the fluid phase and the hydrodynamic coupling to the aqueous phase.
In biological membranes, it is impossible to vary the length scales of hydrodynamic coupling and domain size in a systematic manner to verify existing theories of domain mobility. Here, we were able to address how geometric constraints alone reduce mobility of lipid domains due to hydrodynamic interactions. The constraints were applied by a porous mesh with a defined pore size underlying a planar lipid bilayer that determines the domain size of the l o phase formed from a phase-separated ternary lipid mixture. Owing to the planar membrane geometry, the dynamics, i.e., the lateral mobility of the geometrically confined l o domains in the planar membrane, could be readily monitored by means of fluorescence video microscopy. With this system in hand, we were able to experimentally show that the diffusion constants of these geometrically confined l o domains strongly depend on the ratio of pore diameter to domain size. The reduced dynamics are a result of long-range fluid dynamic interactions with the walls of the boundary. We present a quantitative description of the confinement effects on the drag force that permits us to describe the reduced dynamics of lipid domains as a function of the surface viscosity alone. Hydrodynamic coupling of the diffusing domains to the aqueous phase was found to be less important than coupling to the boundary. Therefore, domain mobility becomes scaleinvariant, i.e., diffusion constants only depend on the size of the mesh with respect to domain size.
Significance
Diffusion of lipids and proteins organized in finite-sized domains plays a pivotal role in biological membranes enhancing biomolecular signaling efficiency. The impact of membrane geometry and spatial boundaries on the lateral mobility of domains in membranes remains, however, still unclear. By using pore-spanning membranes, we were able to control the length scale and dynamics of lipid domains by an underlying porous mesh serving both as a confinement and as a source of additional friction that slows down the mobility of domains by several orders of magnitude. We could show that increased hydrodynamic drag acting on liquid-ordered domains due to the confined geometry is responsible for the reduction of diffusion constants.
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Results and Discussion
Phase Separation of Continuous Pore-Spanning Membranes on Ordered Pore Arrays. To generate mobile raft-like l o domains with a tunable size, we used porous silicon substrates with defined pore radii serving as a static mesh (Fig. 1A) . A surface functionalization based on a hydrophilic self-assembled monolayer of 6-mercapto-1-hexanol on gold was chosen to form continuous planar lipid bilayers by spreading of GUVs (23, 24) . This preparation is in contrast to a previous study where a hydrophobic surface functionalization based on a chol derivative was used, leading to hybrid membranes (25) . GUVs composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), sphingomyelin (SM), chol, Gb 3 , and Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE) (39.5:35:20:5:0.5) were spread above the main phase transition temperature (T M ≈ 40°C) of the lipid mixture, and the resulting membranes were cooled down to room temperature, ensuring that structures can form according to the substrate topology (7) . At room temperature, this lipid mixture phase separates into l o and l d phases (10) , which are readily distinguished by fluorescence microscopy, as the more ordered phase excludes fluorescently labeled Texas Red DHPE (26) . The l o domains are identified as dark objects within the freestanding parts of the pore-spanning membranes (PSMs) (Fig. 1B) , whereas the solid supported parts appear dark due to the quenching of the fluorescence by the underlying gold layer (25) . The l o domains are smaller than those generally found in GUVs, but they also adopt the thermodynamically favored circular shape driven by minimization of the boundary due to a finite line tension between l o and l d phases. PSMs of that composition prepared on silicon substrates with different pore sizes and a surface porosity of about 40% were monitored by fluorescence microscopy to quantify the l o fraction. Within the error of the experiments, the statistical analysis revealed that the l o fraction is independent of the pore size. PSMs with pore radii of 0.6 μm contain 20 ± 11% (n = 1,391, m = 35, with n the number of PSMs and m the number of membrane patches) l o phase, whereas PSMs with pore radii of 1.0 and 1.75 μm contain 30 ± 13% (n = 1,441, m = 26) and 28 ± 13% l o phase (n = 391, m = 27), respectively.
Two types of l o domains are distinguished: (i) round and mobile domains in the center of the PSM (center l o domains) and (ii) immobile half-moon-shaped domains in contact with the solid support (rim l o domains) (Fig. 1C) . A detailed analysis of the radii of the round center l o domains as a function of pore size of the silicon substrate demonstrates that the l o domain radii have a tendency to increase with the pore radius (Fig. 1D) . The majority of the l o domains remain constant in size during their observation time. Similar to what has been observed in GUVs (27) , domains only grow by colliding and coalescing with other domains or slowly disperse in the case of very small domains (Fig. 2) , processes that are rarely observed in our PSM system. We determined the l o fraction of the GUVs that were spread to form PSMs. From 3D fluorescence images of 112 individual GUVs, we obtained an l o fraction of 36 ± 10%, which is in good agreement with thermodynamic data of the used lipid composition reported in literature (28, 29) . The black solid line in Fig. 1D shows the l o fraction of 36%. We found that the pore array underneath the continuous bilayer disperses the domains, i.e., it keeps the l o domains from coalescing into one single phase while retaining the high dynamics of freestanding membranes, allowing minimization of the boundary between the two phases due to a finite line tension within the time period of the experiment. This finding implies that, upon cooling the homogenous lipid bilayer, nucleation is captured by the porous mesh.
Dynamic Changes of l o Domains. Fluorescence images of l o domains in PSMs reveal that, in almost all cases, only one single l o domain is located in each PSM. Taking time series of images immediately after cooling down to room temperature, we were able to observe that the movement of the domains leads to rapid coalescence of smaller domains into larger ones. Fig. 2A (Movie S1) shows the merger of two diffusing domains, forming a larger one. Pixel analysis reveals that the overall l o area remains constant but domain merging leads to a decrease in circumference of ∼ 3 μm, driven by a reduction in free energy of roughly 900 k B T, with k B the Boltzmann constant and T the absolute temperature (30) . Similarly, shown in contact with the rim, leading to the formation of a larger but immobilized l o domain. Previously, the ripening behavior of l o domains has been studied in detail (8, 12, 13, 31) , and is in accordance with our findings. By analyzing l o domains on the surface of GUVs, Yanagisawa et al. (31) found that the coalescence mechanism cannot be described by a simple 2D diffusion process, and condensation is suppressed by hydrodynamic interactions. Ursell et al. (13) observed a repulsion of domains in deflated GUVs, caused by the induction of membrane curvature between the l o domains. In the case of PSMs, the rather large lateral membrane tension of about 1 mN·m −1 (23, 24, 32) prevents the induction of a 3D structure in the center of the PSM, although it does not significantly alter phase separation (33, 34) . This trait allows the l o domains to merge, leading to only one mobile domain in each PSM.
The l o domains are composed of individual lipids, which themselves diffuse in the membrane (35) and hence can dynamically associate with or dissociate from the domain (36) . This behavior might result in visible variations of the domain size, which are, however, only rarely observed. Fig. 2 C and D depict two of these rare cases demonstrating the dynamic lipid-based structure of the domains. In Fig. 2C (Movie S3), the growth of an l o domain to ∼150% of its initial size by association of l o phase lipids with the domain is observed, and is possibly due to Ostwald ripening. This finding substantiates the previously reported mobility of single lipids across pore rim areas (37) resulting in a change in the l o phase fraction in the freestanding membrane area. Conversely, Fig. 2D (Movie S4) shows how a small domain can also disappear. The energy barrier posed by the presence of a curved boundary (vide infra) renders these observations rather rare cases. Importantly, in all studies concerning the mobility of domains, we only considered domains that did not change in size during the time course of the experiment.
Topography of PSMs. Because we found that the l o domain size is limited by the area of the PSM and that the l o domain does not leave the pore, we analyzed the topography of the PSMs by scanning ion conductance microscopy (SICM; Fig. 3 ) to find a topological reason. Using pores with radii of 0.6 (Fig. 3A) and 2.75 μm (Fig. 3B) , the topography images show that the membranes in the center of the pores are positioned slightly below the pore rims, implying that they are curved around the rim (Fig.  3C ). This means that l o domains, which have a larger bending modulus than the l d phase, would rather stay away from the boundaries. The line profiles of the topography maps ( Fig. 3 A and B, Lower) further show that the membrane is predominately flat in the center of the pore. Of note is that no detailed information about the precise membrane curvature at the pore rims can be extracted, due the finite lateral resolution (∼100 nm to 200 nm, depending on the size of the aperture) of the SICM method (38, 39) .
Dynamics of l o Phase Domains in PSMs. We found that the mobility of the l o domains is a function of the ratio between pore size and domain size. Using time-resolved fluorescence imaging, we analyzed the dynamics of the l o domains by means of video particle tracking to gather information about the interplay of pore size, domain size, localization, and mobility. Generally, we found that l o domains, which are not immobilized by partly covering the rim, display Brownian motion. Albeit l o domains diffuse within the membrane spanning the pore, their movement is strictly confined to each individual PSM. The ultimate confinement is provided by the pore size, but the movement is also further limited by the presence of a potential most likely originating from the topography of the PSM in the vicinity of the rims. A characteristic time series of a diffusing center l o domain is depicted in Fig. 4A (Movie S5). The domain maintains its size during the observation time and does not cross the border of the pore rim. The white lines are the tracked path of the domain taken at different times. The center of mass is labeled by a solid teal circle. In the case of immobilized l o domains, a half-moon-shaped l o domain (SI Appendix, section I and Fig. S1 ) protruding from the rim into the PSM is observed being fixed to this position during the time period of observation of 5 min. It is known that, in solid supported membranes (10), l o domains are immobile, and it is quite conceivable that this is also true for the pore rim supported domains. The contact of the observed half-moon-shaped l o domain with the solid support might act as an anchor for the domain and thus controls the dynamics in the freestanding membrane (40) . For the following quantitative analysis of the diffusion behavior of l o domains, we solely considered center l o domains that are fully mobile (do not stick to the rim) and remain constant in area.
Quantitative Fig. S2 ) and analyzed the domain movement by video microscopy. Fig.  4B shows a full trajectory of a domain moving in a PSM with r pore = 2.75 μm recorded for 5 min. The trajectory clearly demonstrates that the domain is reflected from the pore rim showing confined 2D Brownian motion within the freestanding part of the PSM. The size of the domain obtained from a threshold analysis of the fluorescence micrographs assuming a round shape is superimposed. The limited reach of the trajectory indicates that the movement of the domain is limited to a smaller effective radius (red circle in Fig. 4B ) as a result of the finite size of the domain paired with the confined geometry of the PSM (black circle in Fig. 4B) .
To determine the diffusion constant of the domain, we tracked the domain and computed the mean square displacement (MSD). Brownian motion of a domain (center of mass) in a circular confinement can be described by solving the Fokker−Planck equation using standard means to find the Eigen functions of the Laplacian operator in cylinder coordinates (SI Appendix, section III). From this solution, we obtain the MSD as a function of the pore radius (41), MSDðtÞ = δr 2 ðtÞ = r
with J n as the Bessel functions of the first kind and k n,α as the discrete αth positive solution of J ′ n ðk n,α Þ = 0. The MSD saturates in the long time limit leading to hδr 2 ðtÞi t→∞ = r 2 pore , whereas it can be approximated by hδr 2 ðtÞi t→0 = 4Dt in the short time limit (41) (SI Appendix, Fig. S3 ). The MSD of the trajectory (Fig. 4B) together with an affine fit of Eq. 1 to the actual data are shown in Fig. 4C (red line), along with a linear fit to the short time evolution of the MSD (black line). Interestingly, we found that the domain radii inferred from fluorescence microscopy are systematically smaller than those obtained from fitting Eq. 1 to the experimental MSD. This finding indicates the presence of a potential that precludes the domain from the pore rim, therefore imitating a slightly larger domain. This aspect was further investigated by measuring the probability density of finding the domain within the pore. The probability density P of the center l o domain position in the PSM clearly reveals that the domain prefers to keep away from the rim, as already proposed from the topography of the PSM (vide supra) (Fig. 5) . The probability density P can be converted to a radial energy profile U(r) by rearranging Boltzmann's distribution [U(r)/k B T ≈ −log P] (SI Appendix, section IV and Figs. S5 and S6). The energy penalty of crossing the pore arises from the curvature of the bilayer at the rim (Fig. 3) . The bending modulus of the l o domain (15 k B T to 20 k B T) is larger than that of the surrounding l d phase (10 k B T) (42) (43) (44) . Therefore, the l o domains are excluded from the curved region at the rim to avoid bending. SI Appendix, Figs. S4 and S5 show that the presence of a harmonic potential limits the effective range of domain movement. Although the Fokker−Planck equation can be solved including the presence of a harmonic potential (SI Appendix, section IV), we rather extract the diffusion constants from the initial slope [MSD(t) = 4Dt] because the variability of the potential shape is broad (SI Appendix, Fig. S6) . Also, the impact of the potential on the initial slope of the MSD is negligible (SI Appendix, Fig. S4 ). By varying the pore size (r pore = 0.6, 1.0, 1.75, 2.25, and 2.75 μm), we could address the impact of pore size and domain radius on the mobility of l o domains. The sizes of the l o domains were in the range of r domain = 0.2 μm to 1.6 μm as determined from fluorescence micrographs (Fig. 1D) . Fig. 6A collects the diffusion constants obtained from fitting of hδr 2 ðtÞi = 4Dt to the initial slope of the experimental data as a function of domain size, color-coded for each pore size. The plot clearly documents a strong dependence of the diffusion constant on the domain radius r domain , which is, however, characteristic for each pore size. In the absence of confinement, a hydrodynamic description of finite-size cylindrical inclusions in a lipid bilayer has been developed by Hughes, Pailthorpe, and White (HPW) in 1981 (45) based on the seminal work of Saffmann and Delbrück (46) . The main problem of correctly describing the hydrodynamic drag of a circular inclusion in a lipid bilayer is to resolve the Stokes' paradox in two dimensions, which implies no finite translational mobility in 2D and therefore a diverging diffusion constant. Generally, a solution is obtained by (i) assuming a finite size of the membrane, (ii) including inertia (Langevin equation), and (iii) coupling diffusion to the environment. Key to the description of Saffmann and Delbrück was the introduction of the hydrodynamic coupling of the inclusion to the surrounding aqueous solution that ultimately limits the reach of the velocity field. The coupling is necessary to transmit viscous stress across surfaces that effectively reduces mobility of the domain. For small domains, this leads to the famous Saffmann and Delbrück (46, 47) (48) proposed a semiempirical formula describing the HPW model fairly well,
with c 1 = 0.73761, c 2 = 0.52119, b 1 = 2.74819, and b 2 = 0.51465. The black curve depicted in Fig. 6A shows the dependency of the diffusion coefficient on r domain according to the HPW model using Eq. 2 assuming the same global surface viscosity as obtained from fitting Eq. 3 to the data (vide infra). Guigas and Weiss (49) used molecular dynamics simulations considering the finite spectrum of relaxation times of the domain under bombardment of lipids. The arising cutoff frequency leads to an r −2 domain scaling of the diffusion constant exceeding a critical radius. The authors found that the domain's internal degrees of freedom become particularly relevant on short time scales.
In our case, the experimentally determined diffusion constants are orders of magnitude smaller than the ones predicted by unrestricted diffusion of cylindrical inclusions in a lipid bilayer obeying the HPW model or the Weiss model (Fig. 6A) . Eq. 2 provides only a weak dependence of the diffusion coefficient on the domain radius and therefore falls short in describing the experimental data appropriately. In conclusion, the presence of the confinement generates a much larger additional drag force than the hydrodynamic coupling to the aqueous phase. Obviously, geometric confinement not only limits the maximal reach of Brownian motion but also alters the creeping flow and thereby the diffusion constant of rigid domains. Already, Saffmann and Delbrück (46, 47) suggested that confinement of the membrane area naturally leads to a finite translational mobility as required to reach a physically sound solution of the 2D diffusion problem. If the hydrodynamic length scale exceeds the size of the pore (r pore ≤ l s ), the velocity field of the viscous fluid is ultimately limited by the spatial boundary of the membrane. In this case, the membrane area confinement dominates, and the diffusion coefficient is a function of the domain radius r domain and the radius of the confined membrane r pore ,
with « = r pore /r domain . Eq. 3 simplifies to D ≈ ðk B T=4πηÞðlnð«Þ − 1Þ for r pore >> r domain . Note that Saffmann and Delbrück obtained D ≈ ðk B T=4πηÞðlnð«Þ − 0.5Þ for the limit of small domains using a slightly different argumentation. A derivation of Eq. 3 based on solving the 2D Stokes equations is provided in SI Appendix, section V according to the geometry depicted in SI Appendix, Fig.  S7 and initially given by Slezkin (50) . Note that the boundary conditions applied here require the domain to be rigid and the velocity of the flow field to be zero at the pore rim. Both conditions might be relaxed under real experimental conditions because a fraction of the lipids is mobile also on the pore rim (reduced mobility) and the l o domains possess a finite viscosity. Applying Eq. 3 to the data with the surface membrane viscosity η as the only fit parameter provides the set of colored lines shown in Fig. 6A for each pore size. The values for η are in reasonable agreement with known values of the surface membrane viscosity (51) . Importantly, we could collapse all data from different pore radii on a master curve representing the diffusion constant as a function of « (Fig. 6B ). Eq. 3 describes the data very well considering that only a single free parameter was used to describe the ensemble of experiments with η = 1.43 10 −9 Pa·s·m. We performed finite element simulations to test Eq. 3, which is strictly valid only for the axisymmetric case, i.e., the drag on a 2D cylinder placed in the center of a pore. The initial drag force on the cylinder as a function of « is shown in SI Appendix, Fig. S8 and matches the numerical data well. Notably, the situation is slightly more intricate because the l o domain explores the entire area of the pore where it experiences hydrodynamic wall effects that depend on the position of the domain within the pore. Although these effects are averaged out over time, whereas the domain explores all of the accessible area, the averaging leads to systematically smaller diffusion constants than those computed from the drag force the domain experiences in the center of the pore. SI Appendix, Fig. S9 shows the normalized drag force of a domain as a function of domain size and distance from the center approaching the inner walls of a pore obtained from finite element simulations (SI Appendix, section VI). The wall effect increases the hydrodynamic drag forces, leading to a positiondependent diffusion constant as previously shown in 3D experiments (52) . Wall effects are typically very strong in two dimensions, and the position-dependent diffusion constant scales usually like D ∝ lnððr pore − rÞ=r domain Þ (52). We performed Brownian dynamics simulations of a domain inside a pore assuming a positiondependent diffusion constant (SI Appendix, section VII and Figs. S10-S13). We found that the probability of finding the domain within the pore is evenly distributed in the case of a positiondependent diffusion constant as expected for thermodynamic equilibrium. Moreover, the MSD provides an average diffusion constant independent of the starting point if the observation time is long enough (SI Appendix, Fig. S11 ).
In our case, however, the impact of the asymmetric wall effect, which is strongest when the domain approaches the rim of the pore, is largely avoided by the presence of a potential driving the domains away from the walls (Fig. 5) . The potential reaches a few k B T at the rim and therefore efficiently excludes the domain from reaching this part where drag forces are largest. The origin of this repulsion lies, presumably, in curvature effects at the pore rim (Fig. 3 ) that prohibit close contact of the stiffer domain with the rim, due to a bending energy penalty. Taken together, Eq. 3 can safely be used to estimate the diffusion constants of l o domains as a function of domain size and pore diameter.
Our simplified description of Brownian motion of discs surrounded by a circular constraint needs some further general comments. Biological membranes are 2D viscous fluids coupled to the surrounding solvent via polar headgroups, therefore experiencing moment exchange with solvent molecules. The impact of hydrodynamic coupling on Brownian motion has been accounted for by introducing a length scale set by the viscosity of the membrane and that of the solvent. This length scale, however, loses its importance once a geometric constraint is introduced, limiting diffusion of objects embedded in the membrane. In our system of PSMs with inclusions originating from phase separation, the length scale is set by the ratio of pore radius and domain size alone, simplifying the situation considerably. Our approach shows that, in corralled systems, geometry of the constraint governs diffusion of objects in membranes as long as the size of the objects is not too small, so that the scale is set by hydrodynamic coupling to the solvent. In general, the system of variable confinement is suited as a test bed for the transition from a purely confined-geometry diffusion to diffusion limited by the drag force exerted by the surrounding fluid. It is important to note that the l o domains are not rigid but display a finite viscosity that is ∼5 times larger than that of the surrounding l d phase. It was shown that the drag coefficient decreases as the domain viscosity becomes smaller with respect to the surrounding lipids due to the fact that a viscous domain helps to transport the fluid in the surrounding matrix (53) . In our particular choice of tight geometric boundaries, coupling to the solvent has a minor impact on the drag force acting on the domain.
An aspect that we did not consider here is the occurrence of anomalous diffusion, in particular subdiffusion, where the MSD(t) ∝ t α , with α < 1. Memory effects frequently occur in small systems for a number of reasons (54) . Especially, the assumption of white noise generated by thermal agitation of lipids surrounding the l o domain, as it is required by the Langevin equation, might not be valid, and therefore memory effects in terms of a generalized Langevin equation have to be considered. We expect memory effects to occur if only few lipids remain between domain and pore rim, a situation that is largely avoided by the presence of the potential keeping the domain centered. In essence, we rule out that memory effects dominate diffusion of domains here and assume that the rather mesoscopic spatial dimensions prevent a memory kernel from taking effect, because we only observed normal diffusion at short time [MSD(t) ∝ t].
Altogether, hydrodynamic effects generated by the presence of boundaries should be taken into consideration to understand why, sometimes, the diffusion of objects such as protein aggregates or lipid domains is slowed down in biological membranes.
Conclusions
PSMs are a minimal model system used to investigate lipid domain formation and mobility. Using substrates with regular arrays of different pore radii r pore allowed us to tune the size and dynamics of l o domains in l o /l d phase-separated lipid bilayers. Owing to the rather planar geometry of the membranes, the dynamics of l o domains in these membranes was readily accessible by fluorescence video microscopy. The l o domains with different domain radii r domain localized in the freestanding membrane area were entrapped within the pore area and showed rich dynamics like domain movement, condensation, growth, and shrinkage. Our results demonstrate that the domain dynamics are considerably influenced by the limited membrane area, with a strong dependence of the diffusion constant on the membrane confinement. The reason for the unexpectedly large dependence of the diffusion constant on r pore /r domain is attributed to hydrodynamic effects that generate additional drag on the domain and thereby reduce mobility by orders of magnitude compared with the unrestricted case. This result might have implications for the diffusion behavior of nanoscale assemblies like lipid rafts or multiprotein complexes in the plasma membrane and influences the view of how lateral transport of lipid domains depends on membrane geometry and spatial boundaries.
Materials and Methods
Preparation of GUVs. Phase-separated GUVs were prepared according to the electroformation method (55) . Lipids and fluorescently labeled lipid dyes dissolved in organic solvent were mixed in the molar ratio of DOPC/SM/chol/ Gb 3 /Texas Red DHPE (39.5:35:20:5:0.5) with a final concentration of 3 mg/mL. The solution was deposited on preheated indium tin oxide coverslips, and the solvent was removed under reduced pressure at 55°C. Electroformation was performed in a 300 mM sucrose solution in ultrapure water by applying a sinusoidal voltage of 1.6 V, 12 Hz for 3 h. The resulting GUV suspension was slowly cooled to room temperature.
Functionalization of Porous Substrates. Silicon-based porous substrates with pore radii of 0.6, 1.0, 1.75, 2.25, and 2.75 μm were obtained from fluXXion or the Center of Advanced European Studies and Research (56) . After cleaning in argon plasma (Zepto; Diener Electronic), the substrate was sputter-coated with a thin titanium layer (Sputter Coater 108 Auto; Cressington Scientific Instruments). A gold layer (30 nm) was deposited by high vacuum evaporation (Bal-Tec Med020; Oerlikon Balzers), and the surface was further functionalized by incubating the substrates in a 1 mM 6-mercaptohexanol solution (n-propanol) overnight at room temperature, resulting in the formation of a hydrophilically terminated self-assembled monolayer (23) .
Preparation of Pore-Spanning Lipids Bilayers. Substrates were mounted in custom-made polytetrafluoroethylene cells, then rinsed with n-propanol and buffer (10 mM Hepes, 100 mM KCl, 10 mM CaCl 2 , pH 7.4). The measuring cells were preheated to 55°C, and the GUV suspension (2 μL to 10 μL) was carefully added atop the substrate. Spreading was continued for 2 h at 55°C, and the samples were cooled to room temperature before rinsing with PBS (136.9 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , pH 7.4).
SICM. Topographic information on the PSMs was obtained with an ICNano 2000 (Ionscope). The general procedure to image PSMs has been described previously (57, 58) . Nanopipettes were pulled from borosilicate glass (o.d. 1.00 mm, i.d. 0.58 mm, length 80 mm; NPI Electronic GmbH) using a puller (P1000; Sutter Instruments). Pipette resistances were >150 MΩ when filled with PBS. For image recording, a constant potential difference of 200 mV was applied between two Ag/AgCl electrodes. All measurements were performed in hopping mode.
Fluorescence Microscopy. PSMs were imaged at 20°C using two upright fluorescence microscopes: (i) an Examiner Z1 with a laser scanning head (LSM 710; Carl Zeiss) and a W Plan-Apochromat 63× NA 1.0 objective, with Texas Red DHPE fluorescence excited at 561 nm and detected between 602 nm and 735 nm; and (ii) a custom-built spinning disk confocal microscope based on a Yokogawa CSU-X (Rota Yokogawa) fitted to an Olympus stand with a LumPlanFLN 60× NA 1.0 (Olympus) objective, with Texas Red DHPE excited at 561 nm and detected using an ET650/60 filter (AHF Analysentechnik). For videos of the domain movement, the time per frame was adjusted between 30 ms and 100 ms to allow for optimal tracking and detection of the domains, and domain movement was usually recorded for 3,000 frames.
Determination of l o Area Percentage. The l o area percentage of PSMs was evaluated using a custom-written MATLAB script. Fluorescence micrographs were loaded, and each pore was treated individually by either thresholding the image or manually tracing the l o domain using a graphics tablet. Analysis was carried out for PSMs with radii of 0.6, 1.0, and 1.75 μm. A minimum of 26 membrane patches was investigated, and values of the l o domain size are given as mean ± SD of all patches. The l o percentages of GUVs were approximated from 3D confocal fluorescence image stacks recorded by spinning disk confocal microscopy.
Analysis of l o Domain Dynamics. The analysis of the diffusion of l o domains was carried out using MATLAB. The frames of a time series were registered to the first frame to compensate for x,y drifts using the MATLAB function imregister (MATLAB R2014a). PSMs were located by manual inspection, and each one was treated as an individual time series. The center of mass of the domain was detected using a custom-written procedure reliably separating the dark l o domain from the dark pore rim. The area and radius of the domain in each frame were extracted using watershed segmentation. Radii are given as mean values ± SD of the domains detected in all frames of the times series. Displacements were plotted in a histogram, and the MSD was extracted (histogram method). Diffusion constants were obtained either from the initial slope [MSD(t) = 4Dt] or by using Eq. 1 with an affine fitting procedure to obtain the diffusion constant and the radius of the domain. Experimental radial domain distributions were extracted by binning the distance of the domain's center of mass to the center of the PSM during the time series.
